Most of the existing drift velocity models have limitations, and sometimes low predictive capabilities, primarily because they are derived from experimental data which scarcely account for the combined effect of viscosity, surface tension and pipe inclination. Published data of drift velocity of elongated bubbles in pipes have been extracted from the open literature, and new data have been generated from Taylor bubble experiments conducted in a low pressure flow loop using nominal oil viscosities of 160cP and 1140cP in 0.099m and 0.057m internal diameter inclined pipes (1.0 to 7.5 degrees from horizontal). These data have been processed and a simplified generalised drift velocity correlation established. The evaluation of some existing elongated bubble rise velocity has also been carried out.
INTRODUCTION
In the production and transportation of oil in pipes, intermittent plug/slug flows are multiphase flow regimes often encountered which can create significant pressure fluctuations. To better understand the phenomena and to design equipment for the production and transportation of oil resources, multiphase flow models are essential. Several of these models, for example the slug flow models, apply a number of closure relationships to link gas and liquid phases in a one-dimensional two-fluid model approach. One such closure relationship is the translational velocity for long gas bubbles in liquid flow in pipes. The slug translational velocity is the sum of the bubble velocity in stagnant liquid (i.e. drift velocity) and the maximum velocity in the slug body. Nicklin (1962) proposed the following equation:
where C o is approximately 1.2 for turbulent flows and 2.0 for laminar flows, is the mixture velocity (the sum of the superficial liquid and gas velocities), and is the drift velocity.
By considering the potential and kinetic energy only, and ignoring the frictional and capillary effects of the falling liquid around a bubble in a vertical pipe, Dumitrescu (1943) and Davies & Taylor (1950) evaluated the bubble velocity in a liquid in a vertical tube as:
where, D is the pipe diameter, g is the acceleration due to gravity, and is the Froude number, which represents the ratio of inertial to gravitational forces ( = /[( )(1 − ⁄ )] 1/2 ). These authors derived the same dimensionless group (Froude number) as 0.351 and 0.328 respectively. By applying the inviscid potential flow theory to steady gravity currents and analysing the problem of an empty cavity advancing along a horizontal pipe filled with liquid, Benjamin (1968) established the Froude number as 0.54. His study, however, ignored the effects of viscosity and surface tension.
Other known set of dimensionless groups that have been applied to estimate the rise velocity of a single bubble moving in liquid in a pipe under the influence of gravitational, inertial, viscous and interfacial forces:
Reynolds number, =
Eötvös number, = 
When inertia dominates, Eo is large and Fr = 0.351, 0.328 for vertical tubes (Dumitrescu 1943 and Davies and Taylor 1950 respectively) , and for horizontal tubes, Fr = 0.54 (Zukoski, 1966; Benjamin 1968) . When the surface tension dominates, the bubbles do not move (Bretherton 1961; White and Beardmore 1962; Masica et al. 1964; . Where viscosity is essential, relationships between Fr, Eo and Morton number have been adopted.
Following the pioneer works of Dumitrescu (1943) and Davies & Taylor (1950) , many prediction formulae of drift velocity of elongated bubbles in stagnant liquid have been developed (Benjamin 1961; White & Beardmore 1962; Brown 1965; Tung and Parlange 1976; Bendiksen 1984; Weber et al. 1986; Hasan and Kabir 1988; Viana et al. 2003; Gokcal et al. 2008; Jeyachandra et al. 2012; and Moreiras et al. 2014) . Unfortunately most of the available drift velocity models have applicability limitations and low predictive capabilities, either because they were established using a limited number of experimental data that scarcely account for the combined effects of viscosity, surface tension, and pipe inclination or, because of their formulation. In this study, the drift velocities of elongated bubbles have been gathered from numerous sources and from recent experiments conducted in a low pressure flow loop for a stagnant oil of viscosity 160cP and 1140cP for 0.099m and 0.057m internal diameter pipes inclined at angles between 1.0 and 7.5 degrees from horizontal. These data have been used to develop a simplified generalised drift velocity model with high predictive capability. The performance analysis of some of the existing models from the literature is presented first.
TAYLOR BUBBLE EXPERIMENTAL DATA
The characteristic shape of an elongated bubble has been suggested by Fagundes et al. (1999) as a means to access the transition between the sub-regimes, slug and plug flow, of intermittent flows.
From the recent Taylor bubble experiments conducted in a low pressure flow loop in stagnant and flowing liquid, observed characteristics shapes of the bubbles recorded using high-speed camera are presented on Figures 1 and 2. In the stagnant liquid (Figure 1 ), the Taylor bubble nose always seems to be prolate spheroid (or bell-shaped) and tends to be off the centre, and close to the top of the pipe.
However, for the flowing case (Figure 2 ), the nose tends to be closer to its own centre. Depending on the pipe inclination, oil viscosities, volume of gas injected or the size of the bubble, the bubble's tail is 5 either 'short-tapered with/without detached tiny bubbles' (STT and STwtB), or 'long-tapered' (LTT).
For a pipe inclination below 2.5 o and as the bubble length increases, its body exhibits a wavy pattern with decreasing amplitude and its tail tends to be long tapered.
Recently, researchers (see Table 1 Table 1 . 
PERFORMANCE OF SOME EXISTING DRIFT VELOCITY CORRELATIONS
In 1969, 
where ℎ = 0.542√ and = 0.351√
As the above correlation does not account for the effects of viscosity, the comparison of the predicted
Froude numbers using this model has been restricted to the gathered data for liquid viscosity of 1cP.
As can be seen in Figure 6 Weber et al., (1986) experimentally investigated the effects of liquid viscosity (51.1-6120 cP) on the drift velocity for inclined pipes. Their studies revealed that, depending on liquid viscosity, the drift velocity for horizontal flows can be smaller or larger than the drift velocity for vertical flows. Equations 14 and 15 represent the proposed drift velocity correlation by Weber et al., (1986) .
when ∆ = − ℎ > 0;
The performance of this correlation using the gathered data shows a percentage error bandwidth between -10% and 60%, as shown in Figure 7 (b, c) . The estimated Froude numbers not matching well the measured-based ones are mostly derived from data from Goldsmith and Mason (1962) , Sosho and Ryan (2001), Losi and Poesio (2016) , Weber (1986) and also the data generated experimentally by the authors (labelled as "own data" in Figure 7 (a)). experimental data has therefore been carried out, this is described in the next section.
FORMULATON OF A NEW SIMPLIFIED DRIFT VELOCITY CORRELATION
A large number of Taylor bubble experimental data available from the literature was gathered and processed. For the sake of clarity, they are not all reported here and only the recent experimental data generated by the authors are summarised in Table 2 . The Eötvös numbers, viscosity numbers and buoyancy Reynolds numbers were then calculated. Dimensionless numbers were used for the formulation of the correlation: the Froude number, the ratio of the buoyancy Reynolds number and the Eötvös number. These numbers have been considered to have one group representing the ratio of the inertial to gravitational forces (i.e. the Froude number), and another group containing the properties of the fluid. Experiments were carried out for a narrow range of relatively small pipe inclinations. However, the results obtained show that the drift velocity increases with the increase of pipe inclination and pipe diameter but decreases with the increase of oil viscosity. These observations are in agreement with the findings of other researchers (e.g. Gokcal et al. (2008 ), Jeyachandra (2012 , Moreiras et al. (2014) ). Reynolds numbers. This has been established with a power law model, using a Gaussian-Newtonian algorithm in MATLAB®. Figure 12 shows the data obtained from a large pool of Taylor bubble experiments plotted in the log Fr vs log (R/Eo) formulation. The relationship shows an exponentially increasing pattern. For some data, a high deviation from the observed exponential pattern is obtained.
These data are however mainly from small tubes obtained from Goldsmith and Mason (1962) , and data for non-Newtonian fluids in smaller tubes (pipe diameter less than 0.012m) from Sosho and Ryan (2001) . The deviation observed might be due to the dominance of capillary and viscous forces over gravity. White & Beardmore (1962) postulated that bubbles will not rise when the Eötvös number is less than 4. Therefore, the predictive capability of the new model will be very poor for fluid and pipe conditions with Eötvös number approaching this value, and also for non-Newtonian fluids in pipe diameters less than 0.012m.
A power law model, = + , was used to fit the data using the non-linear least squares regression function in MATLAB®, with the variables being a=7.928E-07, b=7.443 and c=0.3276. The best fit obtained has an R-squared value around 0.73. As mentioned previously, this is due to the few points showing a large deviation from the other measured data. To include the effect of any pipe inclination for any liquid, the Froude number is combined by means of the cosine and the sine of the inclination angles of the pipe to horizontal. This approach was first adopted by Bendiksen (1984) :
The drift velocity can therefore be calculated from Equation 2 using the estimated Froude number, :
Equations 24 to 27 form the new models required to estimate the Froude number and the drift velocity for a single elongated gas bubble in liquid in pipe.
ASSESSMENT OF THE DEVELOPED CORRELATION
The predictive capability of the new correlation is assessed using all the data gathered. As can be seen from Figure 13 (a), there is an improved agreement with the experimental data. Approximately 80% of the data are congested within the ±20% error bandwidth. This is also represented using the probability density function as given in Figure 13 The performance of the new developed correlation was compared with the performance of each of the other correlations used in this study in their respective ranges of validity. As can be seen from the probability density function of the percentage error plots in Figure 14 showed that the prediction of the drift velocity of a single elongated gas bubble in liquid in pipes could sometimes be over-estimated by 20% and above, and sometimes be under-estimated by 20% and above.
Taylor bubble experiments were conducted in a low pressure flow loop. The measured data, in addition to published data of drift velocity of elongated bubbles in pipes were used to develop a new simplified generalised drift velocity correlation. This new proposed formulation showed a good predictive capability under the conditions specified in this study, with approximately 80% of the experimental data located within the ±20% error bandwidth when the novel formulation was used.
There is thus a high likelihood of obtaining a percentage of error in the range [-10%, 20% ] when the new model is used to estimate the drift velocity of a bubble in stagnant liquid in pipe. This outperforms the existing models discussed here, apart from the Bendiksen (1984) model applied for liquid viscosity of 1cP.
